Angiotensin II content in the kidney is much higher than in the plasma, and it increases more in kidney diseases through an uncertain mechanism. Because the kidney abundantly expresses angiotensinogen mRNA, transcriptional dysregulation of angiotensinogen within the kidney is one potential cause of increased renal angiotensin II in the setting of disease. Here, we observed that kidney-specific angiotensinogen knockout mice had levels of renal angiotensinogen protein and angiotensin II that were similar to those levels of control mice. In contrast, liver-specific knockout of angiotensinogen nearly abolished plasma and renal angiotensinogen protein and renal tissue angiotensin II. Immunohistochemical analysis in mosaic proximal tubules of megalin knockout mice revealed that angiotensinogen protein was incorporated selectively in megalin-intact cells of the proximal tubule, indicating that the proximal tubule reabsorbs filtered angiotensinogen through megalin. Disruption of the filtration barrier in a transgenic mouse model of podocyte-selective injury increased renal angiotensin II content and markedly increased both tubular and urinary angiotensinogen protein without an increase in renal renin activity, supporting the dependency of renal angiotensin II generation on filtered angiotensinogen. Taken together, these data suggest that liverderived angiotensinogen is the primary source of renal angiotensinogen protein and angiotensin II. Furthermore, an abnormal increase in the permeability of the glomerular capillary wall to angiotensinogen, which characterizes proteinuric kidney diseases, enhances the synthesis of renal angiotensin II. CKDs are often progressive and involve cardiovascular diseases. Pharmacological intervention of angiotensin II (AII) is the only currently available therapeutic clinical measure with proven effectiveness in protecting the kidney from progressive loss of renal function in CKD. However, in these conditions, circulating AII is typically not elevated. Of note, AII content in renal tissues is markedly higher than content in the circulation, and it is regulated in a manner distinct from circulating AII. 1-3 These findings have formed the currently prevailing notion that the kidney in and of itself is furnished with a full set of components necessary for de novo AII synthesis. In support of this notion, studies have shown that renal AII is elevated in hypertension and
CKDs are often progressive and involve cardiovascular diseases. Pharmacological intervention of angiotensin II (AII) is the only currently available therapeutic clinical measure with proven effectiveness in protecting the kidney from progressive loss of renal function in CKD. However, in these conditions, circulating AII is typically not elevated. Of note, AII content in renal tissues is markedly higher than content in the circulation, and it is regulated in a manner distinct from circulating AII. [1] [2] [3] These findings have formed the currently prevailing notion that the kidney in and of itself is furnished with a full set of components necessary for de novo AII synthesis. In support of this notion, studies have shown that renal AII is elevated in hypertension and kidney diseases in parallel to their severity. 4, 5 Renal AII is also increased in animal models of glomerular diseases, including adriamycin and puromycin aminonucleoside nephropathies, 6 albumin overload, 7, 8 and immune complex nephritis. 9 Several mechanisms have been proposed to explain the local upregulation of AII in glomerular diseases, including local increase of renin, [10] [11] [12] [13] angiotensin I converting enzyme (ACE), [7] [8] [9] 14 or angiotensinogen (Agt), 7, 8, 15, 16 activation of prorenin by prorenin receptor, 17 type 1 AII receptor-mediated uptake and endosomal accumulation of AII, 18 generation of AII through alternative enzyme pathway, 19, 20 and decrease in ACE2. 8, 21 Among these mechanisms, local upregulation of Agt is thought to play a key role for progressively aggravating kidney diseases, because the Agt gene is expressed in the kidney; additionally, the intensity of renal Agt mRNA, confined to the proximal straight tubule, when expressed per cell, is equal to or more than the intensity in hepatocytes, which is the primary source of circulating Agt. 22, 23 To investigate the mechanism of intrarenal AII generation, we generated liver (hepatocyte) -specific and kidney (proximal tubule cell) -specific Agt knockout (KO) mice. Unexpectedly, we observed that kidney-specific Agt KO mice have renal Agt protein that is similar in quantity to the protein of Agt gene intact controls, whereas the liver-specific Agt KO showed undetectably low amounts of renal Agt protein.
RESULTS

Kidney Agt KO Had No Effect on Renal Agt Protein and AII
To disrupt the Agt gene in the kidney, we crossed Agt-loxP mice (Supplemental Figure 1 ) and KAP-Cre mice. The latter line expresses Cre recombinase only in the kidney, primarily in proximal straight tubules (Supplemental Figure 2) . We quantified Agt mRNA by real-time RT-PCR performed on the RNA extracted from the whole kidney of KAP-Cre/Agt loxP/loxP mice. As expected, relative Agt/18S rRNA ratio was dramatically decreased to 14.4% of the ratio of control mice ( Figure 1A and Supplemental Figure 3) . In control mice, in situ hybridization showed that Agt mRNA was expressed in proximal tubule cells of the S3 segment as reported previously. 22, 23 In contrast, almost no Agt mRNA signal was detected in KAP-Cre/Agt loxP/loxP , confirming successful disruption of the Agt gene in the kidney ( Figure 1C ). Although data are not shown, Agt mRNA in the liver was not different in this line compared with control mice. This line is hereafter designated as kidney Agt KO mice.
To our surprise, unlike mRNA, renal Agt protein assessed by Western analysis in the kidney Agt KO mice remained unaffected compared with the protein in control mice (Figure 2A , lane k versus lane c). Immunostaining for Agt protein confirmed that there was no difference between kidney Agt KO and control mice in both intensity and pattern ( Figure 3 ). Of note, in both kidney Agt KO and control mice, Agt protein was stained in proximal tubule cells of S1 and S2 segments but not in the S3 segment, where renal Agt mRNA is predominantly synthesized. Specificity of this immunostaining was verified by negative staining in the kidney of whole-body Agt KO mice.
We next measured Agt protein concentration in the plasma and urine by ELISA. Plasma Agt was, on average, 1.960.2 mg/ml in kidney Agt KO mice, which was not different from the value in control mice of 2.060.1 mg/ml ( Figure 4A ).
Urinary Agt/creatinine ratio was, on average, 22.267.4 ng/mg in kidney Agt KO mice, which was significantly lower than the value in control mice of 47.4616.2 ng/mg ( Figure 4B ).
We next quantified AII content in the kidney homogenate by RIA. The median and 0.25-0.75 quantiles of renal AII in kidney Agt KO mice were 344 and 241-388 fmol/g tissue, respectively, which were not significantly different from those values in control mice of 362 and 317-402, respectively ( Figure 4C ).
These findings collectively indicate that Agt protein translated from renal Agt mRNA is immediately secreted into the urine, is not retained in the kidney, and contributes little to renal AII. In situ hybridization for Agt mRNA. In control kidneys, Agt mRNA is expressed in the outer stripe of the outer medulla. In kidney Agt KO mice, the signal is almost absent. Scale bar, 0.5 mm.
Liver Agt KO Markedly Decreases Renal Agt Protein and Renal AII In liver Agt KO mice, liver Agt mRNA was only 0.17% of the value of control mice (Supplemental Figure 4) , confirming near-complete inactivation of the Agt gene in the liver. Western blotting failed to detect the ;50-kD band of full-length Agt protein in the liver of liver Agt KO mice ( Figure 2B ). Instead, a smaller 16-kD band was observed. This band presumably reflects a truncated product, the transcription of which started from the ATG codon in exon 3.
In the kidney of liver Agt KO mice, Agt mRNA was significantly increased, on average, by 45% compared with the value in control mice ( Figure 1B) , suggesting the existence of a compensatory mechanism to upregulate renal Agt transcription.
Despite this small increase in Agt mRNA in the kidney of liver Agt KO mice, Western blot analysis revealed that Agt protein almost disappeared from the kidney (Figure 2 ). Immunostaining confirmed that Agt protein was undetectable in the kidney of liver Agt KO mice (Figure 3) .
Plasma Agt protein in liver Agt KO mice was, on average, 0.160.0 mg/ml, which was only 5% of the value in control mice ( Figure 4A ). Urinary Agt/creatinine ratio in liver Agt KO mice was, on average, 37.0614.0 ng/mg, a value somewhat lower than but not significantly different from the value in controls ( Figure 4B ).
Importantly, renal AII content was markedly low in liver Agt KO with median value of 46 fmol/g tissue, a value only 13% of the value in control mice ( Figure 4C ).
These data (summarized in Table 1 ) collectively indicate that hepatic Agt is the major source not only of plasma Agt but also renal Agt and AII.
Dual Agt KO Mice Were Similar to Liver Agt KO Mice We also generated liver and kidney dual Agt KO mice. Similar to liver Agt KO mice, dual Agt KO mice showed markedly low plasma Agt protein (0.160.0 mg/ml) ( Figure 4A ) and almost undetectable renal Agt protein (Figures 2A and 3) . Urinary Agt/creatinine ratio was, on average, 18.1610.8 ng/mg, which was as low as the value in kidney Agt KO mice ( Figure 4B ). Renal AII was again markedly low, with a median value of 41 fmol/g tissue, a value similar to the value in liver Agt KO mice ( Figure  4C ). These results confirm the notion derived from the above renal Agt KO studies that the Agt protein translated in the kidney does not contribute to the renal AII in the basal condition.
Liver Agt KO but Not Kidney Agt KO Causes Abnormal Morphologic Phenotypes Most of the phenotypes seen in whole-body Agt KO mice were duplicated in liver Agt KO mice but not kidney Agt KO mice. Thus, systolic BP of kidney Agt KO mice was not different from the systolic BP in control mice. In contrast, both liver Agt KO and dual Agt KO mice were similarly and markedly hypotensive. Liver Agt KO mice and dual Agt KO mice but not kidney Agt KO mice were polyuric compared with control mice (Table 2 ). Histologically, liver Agt KO mice showed medial hyperplasia in the renal interlobular artery and the afferent arteriole, hypertrophy of juxtaglomerular cells, and mesangial matrix expansion ( Figure 5 ). Renin-expressing cells were extended in liver and dual Agt KO mice (Supplemental Figure 5) . These phenotypes were less in magnitude than those phenotypes in whole-body Agt KO mice. Hypoplastic papillae, tubular dilatation, and interstitial fibrosis, which are commonly seen in whole-body Agt KO mice, were not commonly observed in liver Agt KO mice. Kidney Agt KO mice showed normal renal morphology, and dual Agt KO mice showed similar phenotypes to those phenotypes of liver Agt KO mice with comparable severity.
Plasma and renal renin activities were dramatically elevated in liver Agt KO mice but not kidney Agt KO mice. Dual Agt KO mice showed elevated plasma and renal renin activities, which were similar in degree to those activities of liver Agt KO mice (Table 2) .
Megalin-Dependent Distribution of Renal Agt Protein
The above data indicated that most renal Agt protein originated from the liver, is filtered through the glomerulus, and is reabsorbed in a manner similar to albumin. To test the role of megalin for Agt protein reabsorption, we analyzed the kidney of megalin KO mice, in which megalin gene is null-mutated in approximately 60% of proximal tubule cells in a mosaic fashion. Analysis of serial sections revealed that Agt staining is strictly limited to proximal tubule cells expressing megalin ( Figure 6 , A and C). Thus, in the seven megalin KO mice analyzed, the majority of megalin-expressing cells (median=78.9%) were positive for Agt, whereas virtually no (median-0.0%) megalin KO cells were positive for Agt, clearly showing that Agt is reabsorbed from the tubule fluid by proximal tubule cells in a strictly megalin-dependent manner. Megalin dependency was also shown in nephrotic state ( Figure 6 , B and D).
Sieving Defect Causes Increase in Renal Agt Protein and AII
We next analyzed the effect of impairment of glomerular sieving function on the renal content of Agt protein. For this purpose, we used Nephrin-hCD25 (NEP25) transgenic mice, 24 in which selective podocyte injury can be induced by injection of anti-Tac(Fv)-PE38 (LMB2), a recombinant immunotoxin specific to hCD25. To prevent volume depletion caused by resultant nephrotic syndrome, NEP25 mice given LMB2 were supplemented with mouse serum. Eight days after the injection of LMB2, NEP25 mice developed severe proteinuria with median urinary albumin to creatinine ratio of 76.0 mg/mg, whereas the ratio in the control group was 0.1 mg/mg. At this stage, glomerulosclerosis had yet to develop, and tubule injury was unremarkable (Supplemental Figure 6) .
Similar to urinary albumin, urinary Agt was markedly increased in NEP25 mice after LMB2 injection, with Agt to creatinine ratio averaging 75206510 ng/mg compared with the control mice ratio of 18.864.1 ng/mg. Western blotting revealed that renal Agt protein was dramatically increased ( Figure 7A ). Immunostaining showed that Agt protein in the S1 and S2 segments was markedly intensified. In addition, Agt staining focally extended to the S3 segment, distributed in a lysosomal pattern, and was completely dependent on megalin ( Figure 6B ). Importantly, renal AII in mice with sieving defect was significantly higher than the value in control mice, with a median value of 363 versus 111 fmol/g tissue, 
DISCUSSION
When the Agt gene is intact, proximal tubule cells of the S3 segment intensely express Agt mRNA. However, our liver Agt KO study revealed that the Agt protein synthesized from the renal Agt mRNA is too low to be appreciated by either immunostaining or Western blot analysis. However, kidney Ag KO led to a decrease in urinary Agt protein, suggesting that most Agt protein synthesized in the S3 segment is immediately secreted into the urine; thus, our findings support the notion previously offered in the work by Ding et al. 25 Our study also showed that, whereas disruption of kidney Agt gene has no effect on renal AII content, disruption of liver Agt gene markedly reduces renal AII. In fact, although liver Agt KO led to a moderate increase in renal Agt mRNA in a compensatory fashion, the increase was not translated into an increase in renal AII content. Collectively, these findings indicate that the kidney Agt gene does not contribute to renal AII. Also, kidney Agt KO mice had no appreciable abnormal phenotype, indicating that the kidney Agt gene does not play a functionally significant role in maintaining normal phenotypes. Nevertheless, the present study does not rule out the possibility that, in some other conditions not tested in the present study, renal Agt may contribute to the renal Ang II synthesis to a significant extent. 26, 27 The present study unequivocally showed that Agt protein of liver origin is the primary source not only of renal Agt protein but also renal AII. The liver is the primary source of circulating Agt, a minor but significant fraction of which is filtered through the glomerulus and reabsorbed by proximal tubule cells in a megalin-dependent manner. When the liver Agt gene was not inactivated and glomerular sieving function was intact, most filtered Agt protein was reabsorbed by proximal tubule cells and did not appear in the urine. This finding is consistent with the findings in the previous study by Kobori et al. 28 In that work, human Agt protein was infused into rats, which was not detectable in the urine, although this observation was taken in their study as evidence for negligible filterability of plasma Agt.
Megalin dependency of the reabsorption of Agt protein has recently been shown by Pohl et al., 23 and our findings echo their observations. Using opossum kidney cell sheet cultured on permeable filter, they showed that 5% of Agt protein added in one side of the chamber medium was transferred to the opposite side by transcytosis, suggesting the possibility that AII can be generated from the Agt reabsorbed into the renal interstitium. Alternatively, reabsorbed Agt may be transferred back to the tubular lumen and then converted to AII, or it may be processed to AII by lysosomal enzymes. 29 The present study does not determine how much of the renal AII is attributed to the Agt reabsorbed by proximal tubule cells as its precursor. To address this quantitative issue, mutant mice with 100% of proximal tubular cells carrying megalin null mutation need to be generated in view of our observation that, in mosaic megalin KOs, Agt protein incorporation of megalin gene intact cells becomes upregulated in a compensatory manner (Supplemental Figure 7) . Importantly, when the molecular barrier function of the glomerular capillary wall is impaired, massive Agt protein is leaked into the tubular lumen and reabsorbed by proximal tubular cells. When the amount of leaked Agt protein exceeds the capacity of reabsorption by the S1 and S2 segments, reabsorption can also occur in the S3 segment, where ACE is abundantly expressed. 23 In these nephrotic mice, renal AII was increased, although renal renin was suppressed, indicating that a fraction of the Agt that is leaked into Bowman's space is converted to AII and that renal AII content is determined by the intactness of glomerular sieving function to restrict filtration of circulating Agt. Our observations with podocyte disruption echo the earlier findings in patients with glomerular 30 although we found that the origin of Agt is the liver and not the kidney itself. Because renin is also reabsorbed by proximal tubule cells through megalin and ACE is expressed on proximal tubule cells, 23 it is likely that AII is generated within the vicinity where Agt protein is accumulated. Because proximal tubule cell-specific type 1 AII receptor KO mice are reported to have 10 mmHg lower BP compared with control mice, 31 a possible function of the renal AII is BP regulation. In this regard, BP change in kidney or liver Agt KO mice was in parallel with the change in renal AII content. Although BP was not measured in NEP25 mice in the present study, nephrotic NEP25 mice measured earlier were not hypertensive. 24 Nevertheless, the increased renal AII may contribute to maintenance of BP and also may underlie the sodium retention seen in nephrotic syndrome. Indeed, in the present study, although our mice with podocyte-selective injury were supplemented with plasma to ensure suppression of renal renin activity, all mice remained nephrotic with ascites and edema.
Our remaining interest in the potential function of renal AII is its profibrogenic effect on the glomerulus 32 and the tubulointerstitium. 33 In this regard, AII can raise intraglomerular pressure independently of systemic BP, 34 which in turn, causes disproportionate increase in macromolecular traffic across the glomerular capillary wall. 35 This connection, which is geared to increasing filtered Agt, may constitute a positive feedback loop of AII generation. 2, 36 Moreover, AII and high glomerular capillary pressure can promote podocyte injury, [37] [38] [39] thereby ensuring the formation of this feedback mechanism for AII synthesis. Collectively, the observed filtered Agt dependency of renal AII synthesis can be viewed as one of the key elements of the vicious nature of progressive glomerular diseases, in which pharmacological blockade of AII action is often effective. [40] [41] [42] [43] 
CONCISE METHODS
Generation of Tissue-Specific Agt KO Mice
A mouse line, Agt-loxP, that carries two loxP sites in the first and second introns of the Agt gene was generated using homologous recombination in embryonic stem cells (Supplemental Figure 1) . To disrupt the Agt gene in the kidney (proximal straight tubule), kidney androgen-regulated protein (KAP) -Cre transgenic line, which carries a promoter segment of KAP and Cre, was generated. These lines were characterized and backcrossed with the C57BL/6N strain for more than 10 times (Supplemental Text). To delete the Agt gene in hepatocytes, C57BL/6TgN(AlbCre)21Mgn strain (stock number JR#003574; N7+1F15N1F2; Alb-Cre), which expresses Cre in hepatocyte, was obtained from Jackson Laboratory. This line was further backcrossed with C57BL/6N three times in our facility before mating with Agt-loxP mice.
Except for initial experiments examining Agt mRNA expression, adult male mice obtained from mating between KAP-Cre/Agt loxP/loxP and Alb-Cre/Agt loxP/loxP were treated with testosterone and used for the present studies.
Measurement of Renal AII
Kidneys were cut in one-half and immediately frozen in liquid nitrogen and stored at 280°C. Renal AII content was measured as previously reported with slight modification. 44 Thus, frozen kidney tissues were homogenized in 5 ml ice-cold methanol. The homogenate was centrifuged at 3000 rpm for 15 minutes. The supernatant was dried by heating at 85°C for complete and irreversible inactivation of renin. The residue was reconstituted in 1 ml Ang assay buffer (50 mM Na phosphate, 1 mM EDTA, 0.25 mM thimerosal, 2.5 mg/ml BSA, pH 7.4). Ang peptides were extracted from this solution using phenyl-bonded, solid-phase extraction columns (Bond Elut; Varian Inc., Lake Forest, CA). The efficiency of AII recovery determined by 125 I-AII was about 80%. The eluates were vacuum-dried to remove methanol, reconstituted in 130 ml Ang assay buffer, and subjected to RIA for AII. The above samples and standard solutions (0-191 fmol AII; Sigma) were incubated with diluted anti-AII antibody solution and 5000 cpm 125 I-AII at 4°C for 24 hours. Free 125 I-AII was reabsorbed by charcoal (C4386; Sigma) suspended in 1 ml assay buffer containing 0.1% dextran (Sigma) and 1% human serum albumin (MP Biomedicals). After removal of charcoal by centrifugation, the radioactivity of the solution was measured for 10 minutes by a g-scintillation counter. Percent crossreactivities are ,0.01% for Ang I and ,0.1% for Ang (1-7). When whole-body Agt KO mouse kidneys were measured, the AII content was always calculated to be less than 0.8 fmol/tube. Because the whole-body Agt KO mice are expected to have no AII, lower limit of reliable AII measurement by our method is approximately 10 pmol/kg (fmol/g) tissue.
Analysis of Mosaic Megalin KO Mice
Baseline characteristics of renal tubule cell-specific megalin KO mice (Megalin loxP/loxP /ApoE-Cre) were previously reported. 45 Serial paraffin sections from seven Megalin loxP/loxP /ApoE-Cre mice were stained for either Agt or megalin. Agt positivity was determined separately in megalin-intact versus -deficient proximal tubule cells. Kidneys harvested from Megalin loxP/loxP /ApoE-Cre/NEP25 mice (n=7) that were injected with 1.25 ng/g body wt LMB2 and killed 10 days later were analyzed in a similar fashion.
Induction of Glomerular Sieving Defect
Male NEP25 mice on C57BL/6 genetic background at 9-12 months of age were injected with LMB2 (1.25 ng/g body wt; n=9) or saline solution (n=10). 24 To prevent volume depletion caused by severe nephrotic syndrome, NEP25 mice given LMB2 were supplemented with 0.5 ml normal mouse serum intraperitoneally from day 3 to day 6, and the control NEP25 mice were injected with 0.5 ml saline. On day 7, mice were killed, and kidneys were harvested for assays for AII, renin, Agt, and histology. Before LMB2 injection and death, 24-hour urine was collected, and the concentrations of creatinine, albumin, and Agt were determined.
Statistical Analyses
Plasma Agt concentration, urinary Agt/creatinine ratio, systolic BP, urine volume, and plasma renin activity were compared by ANOVA with Turley-Kramer method, and they are presented as means 6 SD. These parameters were also compared by the Steel-Dwass procedure, which revealed the same results.
Percentage of Agt positivity in megalin mosaic KO mice was compared by Wilcoxon signed rank test. For Agt mRNA/18S rRNA ratio, renal AII content, and renal renin activity, Mann-Whitney U test (for two groups) or Steel-Dwass procedure (for multigroups) was used as data from some groups that did not display normal distribution. For these groups, data are represented by median and 0.25 and 0.75 quantiles.
All analyses were performed using KyPlot software. Values were regarded as significant at two-sided P,0.05. 
